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The stratocumulus-topped marine boundary layer (BL), aerosol, and cloud properties 2 

observed on research flights made off the coast of northern Chile in the Southeastern Pacific 3 

(20°S, 72°W) during the VAMOS Ocean-Cloud-Atmosphere-Land Study-Regional Experiment 4 

(VOCALS-REx) were used to examine the variation of liquid water path (LWP) and cloud 5 

condensation nuclei (CCN). Ten flights were made under similar meteorological conditions 6 

where the BL structure was well-mixed, clouds were solid, and the conditions at the surface 7 

and at the top of the BL were similar. A strong positive correlation between the LWP, which 8 

varied from 15 to 73 gm-2, and the BL CCN, which ranged from 190 to 565 cm-3, was 9 

observed. Analysis of the two highest and the two lowest CCN concentration cases confirms 10 

that the differences in the thermodynamic jumps at the top of the BL and the turbulent fluxes 11 

at the surface cannot explain the observed differences in the LWP. Cloud properties from 12 

satellite retrievals combined with a back trajectories analysis demonstrated that the LWP 13 

differences observed  at the time of the aircraft flights are also prevalent during the night-time 14 

hours prior to the aircraft observations. These results provide evidence for CCN and LWP 15 

relationships that are not fully explained by current hypotheses from numerical modeling. 16 



1. Introduction 

Anthropogenic aerosol particles are considered to modify marine stratocumulus cloud (Sc) 17 

properties by changing the cloud droplet size distribution [Twomey, 1977], and by suppressing 18 

drizzle processes, which could increase cloud amount, lifetime, and liquid water path (LWP) 19 

[Albrecht, 1989]. Although the first indirect effect has been established [e.g. Lu and Seinfeld, 20 

2005; Coakley and Walsh, 2002 et al], the second indirect effect has controversial aspects and 21 

caveats that are revealed by numerical simulations [e.g. Lu and Seinfeld, 2005; Hill and 22 

Feingold, 2009] and satellite-based observations [Coakley and Walsh, 2002; Brioude et al., 23 

2009].     24 

Large-eddy simulations indicate that the introduction of aerosols can reduce cloud droplet size 25 

and inhibit cloud droplet sedimentation [Ackerman, 2004; Bretherton, 2007].  Thus, in this 26 

case, the enhanced evaporation and entrainment at the cloud top reduces LWP by 10% in Hill 27 

and Feingold (2009)’s simulations.. Wood [2007] used a mixed layer model to show that 28 

entrainment was enhanced in polluted clouds with high cloud bases resulting in a thinning of 29 

the cloud that was more significant than drizzle reduction in LWP during the first 24 hours of 30 

simulations. Satellite-based observations [Christensen et al, 2009] indicate that the cloud 31 

water content of polluted coastal marine stratus decrease from morning to afternoon at a 32 

slower rate than an unpolluted case.  33 

There are two main challenges for observations [Stevens and Feingold, 2009]. First, satellite 34 

observations of aerosols are limited in cloudy regions. Further, in some cases it is difficult to 35 

use satellite observations to distinguish between cloud droplets and aerosols [Koren et al, 36 

2007].  Second, for both satellite and in situ measurements, meteorological factors also 37 



control the variation of cloud water content [Stevens and Feingold, 2009].  This study uses in-38 

situ aircraft and remote satellite observations to investigate the relationship between cloud 39 

LWP and cloud condensation nuclei (CCN) concentration in Sc under relatively constant 40 

meteorological conditions.          41 

2. Data and methods 

Observations for this study were made using the CIRPAS Twin Otter aircraft on 18 flights 42 

over the subtropical southeastern Pacific at a fixed location (20°S, 72°W), designated as Point 43 

Alpha, during the VOCALS-REx from October 15  to November 15 2008. Instruments on the 44 

aircraft measured standard meteorological variables, turbulence, aerosol, cloud, and 45 

precipitation (Table1).   46 

In this study, the objective criteria applied to select these 10 cases consisted of inversion 47 

heights between 1000 and 1300 m, potential temperature increased across the capping 48 

inversion ranging from 12-17°C, and total water content decreased across the inversion 49 

ranging from 6 to 8 g m-3. The drizzle water contents from the Cloud Imaging Probe (CIP) on 50 

the 10 days were less than 10-3 g m-3.Based on this analysis, the clouds occurring during these 51 

selected 10 days are assumed to exist in relatively similar meteorological conditions. 52 

Therefore, the influences of meteorological factors (including coastal effects) are assumed to 53 

be minimal. The majority (7) of the ten flights were made around 0900 Local Time (LT) 54 

(1200 UTC), while the others were conducted from around 1200 to 1300 LT.        55 

The thermodynamic structures for these flights are shown in Figure 1 using a height scale 56 

normalized by the inversion height. These structures show well-mixed BL capped by sharp 57 



inversions and similar BL thermodynamics for all the cases selected.  The cloud thicknesses 58 

and liquid water contents, however, for these cases vary substantially among the 10 cases. 59 

For each flight day, all CCN measurements (at a super-saturation of 0.2%) below cloud base 60 

and within 50 km of Point Alpha are averaged to give mean CCN concentrations. The sub-61 

cloud and above-inversion PCASP accumulation mode aerosol concentrations (PCASP 62 

concentrations hereafter) in the sub-cloud layer and cloud droplet concentrations (Nc) in the 63 

cloud layer are calculated in a similar way.  The sounding of liquid water content (LWC) from 64 

the Gerber probe is integrated to estimate LWP.  The LWC from the soundings and the 65 

horizontal leg averages at different levels have mean difference for all flights of 0.03±0.04 66 

gm-3, indicating that the LWC from soundings are representative of the larger-scale cloud area. 67 

Vertical velocity observations (at 40 Hz) are used to calculate the vertical velocity variance 68 

along the horizontal 10-minute legs at different levels.  To further analyze the history of the 69 

air masses sampled by the aircraft, we use the Hybrid Single Particle Lagrangian Integrated 70 

Trajectory Model (HYSPLIT) model [Draxler and Rolph, 2003] driven with the NCEP 71 

Global Data Assimilation System (GDAS) data to calculate the backward and forward 72 

trajectories starting at Point Alpha and the 500-m level for 36 hours forward and backwards. 73 

In addition, radiances from the Tenth Geostationary Operational Environmental Satellite 74 

(GOES-10) were used to retrieve cloud properties using the methods of Minnis et al. 75 

[ 2010a,b] for areas in the vicinity of the aircraft measurements and at times prior to and after 76 

the measurements along the HYSPLIT trajectories.  77 

3. Results 



The CCN concentrations in the sub-cloud layer varied from 190 to 565 cm-3 among the 10 78 

flights and were positively correlated with Nc, which ranged from 188 to 392 cm-3. The LWPs 79 

in these relatively thin clouds ranged from 15 to 73 gm-2 and are positively correlated with the 80 

aerosol and Nc (Figure 2).  The LWP estimated from the GOES analyses are also shown in 81 

this figure. The average difference between the aircraft and satellite (50 km) LWP is -4.9 ±  82 

13 gm-2  These results further support the idea that the sounding estimates of the LWP are 83 

representative of a larger area as viewed by the satellite.  84 

The positive correlation between the CCN concentrations and Nc are shown in Fig. 3 where 85 

the probe concentrations are sorted from lowest to highest CCN concentrations. The 86 

correlation between the CCN (and PCASP), and Nc is evident, although the deviation 87 

between the CCN and Nc increases with increasing CCN (and PCASP) concentrations.  The 88 

PCASP concentrations above the inversion are lowest when the Nc are high and indicate no 89 

major influence of the above-inversion aerosols on the BL aerosol conditions.    90 

Backward trajectories for 9 of the 10 flights indicate a flow from the southeast of Point Alpha 91 

from points close to the coast of Chile 36 hours earlier. During the 36 hour periods, 6 of the 92 

air masses moved less than 500 km and remained over water, while the air masses for the 93 

other 2 cases (Oct16 and 18) moved about 900 km from the south.  The SST isotherms in this 94 

area are oriented southeast to northwest, and since the synoptic patterns for the cases are 95 

similar, advective effects did not vary substantially from case to case as indicated by the 96 

similar trajectories on all but one case. The October 27 case indicates a major difference from 97 

the others in that air began its 36-h journey near the southern coast of Peru. Although there 98 

are uncertainties in these back trajectories due to errors in the GDAS, the errors should be 99 

smallest in the early history of the trajectories.  100 



To further investigate BL, aerosol, and cloud characteristics for the cases with high and low 101 

CCN concentrations, we averaged two cases (October 18 and 19) with the highest CCN (HC) 102 

and the two cases (October 27 and November 9) with the lowest CCN (LC).  Characteristics 103 

of the BL, clouds, and aerosols for the HC and LC cases are given in Table 2. The HC PCASP 104 

concentration is about double that for the LC cases, which is consistent with the CCN values. 105 

The higher CCN concentrations for the HC cases are associated with Nc of 376 cm-3, which 106 

are 153 cm-3 higher than that in the LC case. Both the mean in-situ LWP and the mean GOES 107 

LWP within a 20-km radius circle around Point Alpha are higher for the HC (65 gm-2and 75 108 

gm-2) cases compared to those for the LC (18gm-2 and 36 gm-2) cases.  The LWP difference 109 

between HC and LC is significant and larger than the data uncertainty.  The SST in the HC 110 

cases is 1.9°C lower than that for LC. The lower SSTs and surface wind speeds for the HC 111 

case are also associated with a surface virtual temperature flux (Fθv) that is 5.3 Wm-2 lower, 112 

and a water vapor flux (Fqv) that is 14.2 Wm-2 lower as well. The potential temperature jumps 113 

across the inversion are 15.8 K and 13.5 K for the HC and LC, respectively, and the 114 

corresponding total water content jumps are 7.3 and 6.5 g m-3.  The average HC cloud top is 115 

138 m lower than its LC counterpart, while the HC cloud base is 240 m lower than that for the 116 

LC cases.  The ratio of the observed LWP to the adiabatic LWP is about 0.83 compared with 117 

0.56 for the LC data.   Thus for the HC case the larger LWP is due to a cloud that is both 118 

thicker and closer to adiabatic than the LC cases.   119 

Compared with the LC results, the HC cases have stronger and lower inversions, which are 120 

consistent with either stronger large-scale subsidence or weaker entrainment rates, if   121 

differences in the large-scale advection of the inversion are minimal. Using the eddy fluxes of 122 

total water at cloud top, the estimated entrainment rates ( ( ') /( )e tw w q q′ ′= − + Δl are 1.0 and 123 



1.8 mm/s respectively (1.2 to 1.5 mm/s for cloud averaged fluxes in this calculation.  Further, 124 

for a well mixed BL with negligible horizontal moisture advection, a local steady state would 125 

give a total water flux at the inversion equal to the surface moisture flux giving entrainment 126 

rates of 1.7 and 2.8 mm/s for the HC and LC cases respectively, which would be decreased by 127 

a factor of 2 for dry advection of 0.5 -1.0 g/kg day-1. Although there is substantially 128 

uncertainty in these estimates of entrainment, they suggest that the entrainment rates in the 129 

HC case are lower than those in the LC case (consistent with the lower HC inversion height), 130 

although the w variance in the cloud layer (Table 2) is 0.26 m2s-2 for the HC case compared 131 

with 0.16 m2s-2 in LC case.  132 

To explore the time history of the observed differences in the LWP for the HC and LC cases, 133 

the cloud properties along the back and forward trajectories from the GOES satellite retrievals 134 

are also considered.  Figure 4 shows the time evolution of LWP and cloud droplet effective 135 

radius (Re) for the HC and LC cases from 9 hours before to 3 hours after the flights each day. 136 

On most of the flight days, one of the soundings was obtained around 1200 UTC, so the flight 137 

time is set at 1145 UTC when the satellite data are available. In Figure 4, the flight time is 138 

marked as t=0 hr, and the closed markers on the left side and right side of panel represent the 139 

6-hour averaged values around 00 LT one day before and after the flight. The LWP from the 140 

satellite retrievals decreased sharply after sunrise in all four cases. During the night, however, 141 

the HC cases had much a much larger LWP than the LC cases.  After sunrise, LWP in the HC 142 

cases decreased, but remained larger than those in the LC cases. The relatively sharp drops in 143 

LWP after sunrise, especially for the greater of the HC cases are due to the change in the 144 

satellite retrieval algorithms between day and night [Minnis et al., 2010a]. Nevertheless, the 145 

nighttime algorithm shows some skill in discriminating between optically thick and thin 146 



clouds and areas with small or large droplets, especially for Sc [Minnis et al., 2010b]. The 147 

time series of Re for those four cases indicates that the HC cases had lower Re values than 148 

those for the LC cases during the entire period. The Lagrangian analysis indicates that the 149 

observed features among these cases as observed by the aircraft may have existed at least 9 150 

hours prior to the observations, which implies that the different LWP values for the extreme 151 

cases mainly resulted from cloud evolution rather than differences in external meteorological 152 

influences.  153 

4. Summary and Discussion   

The BL, aerosol, and cloud properties observed on ten research flights made off the coast of 154 

Northern Chile indicate a strong positive correlation between BL CCN concentrations and 155 

cloud LWP associated with similar BL and synoptic conditions. A detailed study of the two 156 

highest and the two lowest CCN concentration (HC and the LC cases) further confirms that 157 

the differences in the thermodynamic jumps at the top of the BL and the turbulent fluxes at 158 

the surface cannot explain the observed differences in the LWP.  Satellite retrievals from 159 

GOES 10 show that the LWP differences observed at the time of the aircraft flights are also 160 

prevalent during the night-time hours prior to the aircraft observations made at approximately 161 

0900 local time. The cases with low LWP and CCN concentrations are associated with clouds 162 

that are thinner and a water content that is a smaller fraction of the adiabatic value than the 163 

high CCN and LWP cases.   164 

The positive correlation observed in this study are inconsistent with some of the conclusions 165 

from previous modeling studies [e.g. Ackerman, 2004; Bretherton, 2007; Wood, 2007] and 166 

satellite analyses [e.g. Coakley et al. 2002].  In our study, the ratio of LWP and adiabatic 167 



LWP is much less than unity in some clouds, which implies that processes such as 168 

entrainment and drizzle could be forcing cloud liquid water contents to deviate from the 169 

adiabatic values. The treatment of non-adiabatic clouds may cause problems in mixed layer 170 

formulations [e.g. Woods, 2007]. This study used the data collected around the same time of 171 

day, which minimizes the influence of diurnal cycle.  Although the variance of the vertical 172 

velocity in the cloud layer associated with the thicker cloud is greater than that of the thinner 173 

clouds, we were unable to show that the entrainment rates for the high CCN case are 174 

significantly larger than the low CCN cases.   175 

These results provide new evidence for CCN and LWP relationships that are not fully 176 

explained by current hypotheses from numerical modeling.  Although  the strategy we used 177 

here of comparing cases where the meteorology and the BL structure are very similar, we 178 

cannot eliminate the possibility that the changes in CCN may be associated with small 179 

changes in the large-scale forcing that in turn may also affect the  LWP.  True cause and 180 

effect cannot be established. Thus this work may motivate further studies to better explain the 181 

factors that control LWP and the role that the second indirect effects may play in the 182 

evolution of clouds.  183 
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Table 1 Instrumentations of Aerosol, Clouds and Precipitation Probes  



Instrument  Observations        Variables  

Gerber Probe Liquid water  LWC 

Cloud Imaging Probe 

(CIP)  

Drizzle droplet size range: 25-1500 

µm 

Drizzle water content 

CCN Spectrometer CCN at  0.2% super-saturation CCN  

Passive Cavity Aerosol 

Spectrometer Probe 

Aerosol size range: 0.1-2 µm Accumulation mode aerosol 

concentration 

Cloud, Aerosol and 

Precipitation 

Cloud droplet size range: 2.07-40.

µm 

Cloud droplet concentration 

 

Table 2 Cloud, Aerosol, and BL characteristics averaged for the two cases with the highest 

CCN and t he two cases with the lowest CCN.   

 HIGH CCN LOW CCN DIFF 

PCASP (cm-3)  613 367 246 

CCN (cm-3) 543 245 298 

Nc (cm-3) 376 223 153 

LWP (gm-2) 65 18 47 

LWP-SAT (gm-2) 75 36 39 

LWP/LWP-adia 0.79 0.61 0.18 



  SST  (oC) 16.7 18.5 -1.8 

Fθv   (Wm-2) 8.8 14.1 -5.3 

Fq (Wm-2) 30.4 44.6 -14.2 

w w′ ′ (m2s-2) 0.26 0.16 0.10 

CLD TOP (m) 1050 1188 -138 

CLD Base (m) 750 990 -240 

∆θ (K) 15.8 13.5 -2.3 

-∆(q+ℓ) (gm-3) 7.3 6.5 0.8 

∆θe (K) 4.1 4.6 -0.5 



 

Figure 1.  Vertical profiles of potential temperature, mixing ratio, and liquid water content for the ten 

cases in the study (Oct. 16, Oct. 18, Oct.19, Oct. 21,  Oct. 22, Oct. 26,  Oct. 27,  Nov. 9, Nov. 10, Nov. 

12, 2008)  

 

Figure 2. LWP as a function of sub-cloud CCN concentrations for selected 10 flights.  Solid symbols 

are from aircraft profiles. The error bars through these symbols indicate the standard deviation of CCN. 

Cross and open symbols are averages from GOES retrievals within radii of 50 and 20 km, respectively.  

Line is a best fit to the aircraft LWP estimates. 



 

Figure 3 Sub-cloud layer CCN, PCASP and Nc for 10 cases sorted by increasing CCN from flight 1 to 

10.  Above-inversion PCASPs are also shown for comparison.  

 

Figure 4. Time evolution of GOES-derived LWP and Re for the two lowest (cross symbols) and the 

two highest (open symbols) CCN concentrations from 9 hours prior to the flight (marked as t=-9hr) to 

3 hours after flight time (t=3hr). Solid dots at left and right sides of the lines are 6-hour averaged 

values during midnight one day before and one later. 


